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Abstract 
This paper studied the recovery of uranium (VI) from 5.3 M phosphoric acid by bis(1,3-dibutoxypropan-2-yl) phosphoric acid 
(BiDiBOPP)/di-n-hexyl octyl metoxy phosphine oxide (di-n-HMOPO) and 5 analogs of BiDiBOPP mixed with tri-n-octylphosphine 
oxide (TOPO) diluted in Isane IP 185. First, this paper shows that the experimental and calculated distribution coefficients of uranium 
(VI) as a function of the concentration of BiDiBOPP and di-n-HMOPO match by using a thermodynamic model previously developed 
and validated on the bis(2-ethylhexyl) phosphoric acid (D2EHPA)-TOPO system. In this model the formation of complexes between the 
cationic extractant (HL) and the solvatant extractant (S) such as (HL)2, (HL)2S, (HL)2S2 and (HL)5S and the recovery of uranium (VI) as 
UO2(HL)2L2S, UO2L2S and UO2(HL)2L2 were taken into account where L refers to the deprotonated form of the cationic extractant HL. 
Secondly, the investigation of the extraction of uranium (VI) by the BiDiBOPP analogs mixed with TOPO in Isane IP 185 showed that 
the presence of oxygen atoms in the two aliphatic chains of BiDiBOPP and the increase of the hydrophobicity of these chains influence 
strongly the extraction properties. 
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Nomenclature 
DU(VI)  distribution coefficient of uranium (VI) is defined as the ratio between the concentration of  
                             uranium (VI) at equilibrium in the organic phase and in the aqueous phase.  
TOPO  tri-n-octylphosphine oxide 
D2EHPA  bis(2-ethylhexyl) phosphoric 
di-n-HMOPO di-n-hexyl metoxyoctyl phosphine oxide 
BiDiBOPP  bis(1,3-dibutoxypropan-2-yl) phosphoric acid 
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1. Introduction 
In spite of the recent Fukushima accident, nuclear energy is still expected to play an import role for the future energy 
mix. Indeed, many countries such as USA, China, Russia, Poland, maintain their projects to build nuclear power plants so 
that they will be able to face up the increase of the energy demand [1]. Therefore, prospection of unconventional uranium 
resources comes to the fore to respond to the world uranium demand. Among uranium resources, phosphate rocks are 
economically attractive though they contain only few hundreds ppm of uranium. Indeed, uranium producers can recover 
uranium from wet phosphoric acid (WPA) without implementing leaching stage as the phosphate producers leach phosphate 
rocks at their own expense. In 1954-1962 and 1978-1999, uranium was produced from WPA at the industrial scale. Within 
these periods, the Oak Ridge process produced nearly 20 kt of U3O8 from WPA by using the synergistic mixture of 0.5 M 
bis(2-ethyhexyl) phosphoric acid (D2EHPA) and 0.125 M tri-n-octyl phosphine oxide (TOPO) diluted in kerosene (Fig. 1) 
[2]. 
 
 
 
 
 
Fig. 1. Chemical structures of D2EHPA, BiDiBOPP, TOPO and di-n-HMOPO. 
In 1980’s, Cogema developed an extraction system based on the use of bis(1,3-dibutoxypropan-2-yl) phosphoric acid 
(BiDiBOPP) and di-n-hexyl metoxyoctyl phosphine oxide (Di-n-HMOPO) [Fig. 1] [3, 4]. Such a system permitted to 
increase significantly the extraction of uranium (VI) from concentrated phosphoric acid compared to the previous D2EHPA-
TOPO system  as shown in Table 1. In 2006, the recovery of uranium from WPA was a topical subject due to the rising of 
uranium price (US $100 lb U3O8). Today (2012) , 1 lb U3O8 costs US $50 but the International Atomic Energy expects an 
increase of the uranium price due to the increase of world uranium demand [1]. Therefore, since 2006, many researches 
focused on the development of new extractants for the recovery of uranium from WPA [5-9]. 
This work concerns the investigation of the physicochemical phenomena involved in the extraction of uranium (VI) from 
concentrated phosphoric acid by BiDiBOPP/di-n-HMOPO diluted in Isane IP 185. The extraction equilibria have been 
deduced from a thermodynamic model previously reported in the literature [10]. Furthermore, the influence of the number 
of carbon atoms and the presence of oxygen atoms in the hydrophobic chains of BIDIBOPP analogs on the extraction 
properties of uranium (VI) has been also studied. 
Table 1. Distribution coefficients of uranium (VI) (initially at 340 mg/L [1.4 10-3 M] between 5.3 M phosphoric acid and an organic phase containing 
the studied extractant (0.5 M) and the co-extractant (0.125 M) in Isane at 25°C, Vo/Va=1. 
 
Entry Extractant (0.5 M) Co-extractant (0.125 M) DU(VI) 
1 D2EHPA TOPO 9.3 
2 BiDiBOPP di-n-HMOPO 29.8 
2. Experimentation 
2.1. Reagents 
Commercial bis-(2-ethylhexyl)phosphoric acid (Aldrich, purity>97%), tri-n-octylphosphine oxide (Fluka, purity>90%) 
as the extractants and Isane IP 185 (Total Fluids, a 100% aliphatic diluent with flash point and boiling point equal to 66 °C 
and 187 °C, respectively) as the diluent were used as received. Concentrated phosphoric acid (VWR, AnalanR Normapur, 
purity>85%) and uranyl nitrate (Fluka) were also used as delivered.  Synthetic aqueous H3PO4 solutions were prepared from 
commercial concentrated phosphoric acid and water purified with a milli-Q Gradient system from Millipore Corporation 
(resistivity > 18 MW.cm). These solutions initially contained 0.34 g. L-1 uranium (VI) [1.4 10-3 M] in 5.3 M H3PO4. Di-n-
HMOPO was synthesized by Rescoll (France). The analogs of BiDiBOPP 3a-e (Fig. 4) were synthesized as reported in 
previous papers [8,9]. 
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2.2. Solvent extraction procedure 
Liquid-liquid extraction of uranium (VI) by D2EHPA/TOPO diluted in Isane IP 185 was carried out by mixing the feed 
solution initially containing 340 mg L-1 uranium (VI) in 5.3 M phosphoric acid with mixtures of extractant (D2EHPA or 
BiDiBOPP) and solvating agent (TOPO or di-n-HMOPO) diluted in Isane IP 185 at various extractant/solvating agent molar 
ratios, for a phase volume ratio equal to 1. Uranium concentration in the aqueous solutions was determined by ICP-AES 
using a Varian Vista Pro spectrometer. Before analyses, the aqueous solutions were filtered with a Minisart AC STER filter 
(28 mm, 0.45 μm, hydrophilic cellulose acetate membrane). The concentration of uranium (VI) in the organic phases was 
deduced from mass-balance calculation, i.e. from the difference between the uranium concentration in the aqueous phase 
before and after contact.  
3. Results and Discussion 
3.1. Uranium (VI) extraction from phosphoric acid by D2EHPA/TOPO and BiDiBOPP/di-n-HMOPO 
The extraction equilibria involved in the recovery of uranium (VI) from 5.3 M phosphoric acid were deduced from a 
thermodynamic model previously developed to calculate the variation of the distribution coefficient of uranium (VI) 
between phosphoric acid and D2EHPA-TOPO diluted in Isane IP 185 [10]. In this model, the dimerization of the acidic 
cationic extractant HL and the association between HL and the solvating agent S were taken into account by considering the 
formation of (HL)2, (HL)2S, (HL)2S2 and a supramolecular complex (HL)5S: 
 
2HL  HL 2 (1) 
(HL)2  S  HL 2S  (2) 
(HL)2  2S  (HL)2S2  (3) 
HL 2(HL)2  S  (HL)5S  (4) 
 
Furthermore, it was considered that uranium (VI) is extracted according to the following equilibria: 
 
UO2
2  2(HL)2  UO2(HL2)2  2H  (5) 
UO2
2  2(HL)2  S  UO2(HL)2L2S  2H (6) 
UO2
2  (HL)2  S  UO2L2S  2H (7) 
 
By implementing these equilibria in the thermodynamic model, the distribution coefficients of uranium (VI) between 5.3 
mol. L-1 phosphoric acid and D2EHPA/TOPO diluted in Isane IP 185 were calculated as a function of the organic phase 
composition (Fig. 2). A good agreement was obtained between the calculated distribution coefficients of uranium (VI) and 
the experimental ones.  
  
This model has been applied to the BiDiBOPP-Di-n-HMOPO system. It appears that a good agreement between 
calculated and experimental data is obtained by considering the same set of extraction equilibria as for the D2EHPA/TOPO 
system (Fig. 2). For these calculations, it has been expected that the dimerization constant of BiDiBOPP is equal to that of 
D2EHPA since these molecules have a similar structure and no dimerizarion constant of BiDiBOPP in an alkane is yet 
reported in the literature. Nevertheless, it is clear that the equilibrium constants deduced from this model can only be 
considered as a rough approximation [11]. 
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a)         b) 
 
 
Fig. 2. Logarithm of the distribution coefficients of uranium (VI) between 5.3 M phosphoric acid and D2EHPA/TOPO () or BiDiBOPP/di-n-HMOPO (y) 
diluted in Isane IP 185 as a function of (a) the logarithm of initial D2EHPA or BiDiBOPP (HL) concentration at constant TOPO or di-n-HMOPO (S) 
concentration (0.125 M) and (b) the logarithm of initial TOPO or di-n-HMOPO concentration (S) at constant D2EHPA or BiDiBOPP (HL) concentration 
(0.5 M). Initial concentration of uranium=1.43 10-3 M, temperature = (25.0±0.2) °C, phase volume ratio Vo/Va=1. ____: Calculated with the thermodynamic 
model. 
3.2. Development of analogs of BiDiBOPP 
In order to figure out the influence of the BiDiBOPP structure on the extraction efficiency of uranium (VI) from 
phosphoric acid, the influence of the hydrophobic part of the extractant was investigated. Two parameters were studied, i.e. 
the influence of the presence of the oxygen atoms and the length of the linear alkyl chains (noted R on Fig. 3). Several 
dialkyl phosphoric acids were synthesized and the distribution coefficients of uranium (VI) between 5.3 M phosphoric acid 
and an organic phase containing the BiDiBOPP analogs and TOPO diluted in Isane IP 185 were evaluated [9]. 
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Fig. 3. Analogs of BiDiBOPP under investigation (X=O, S or no atom; R = butyl, hexyl or octyl chains).  
Examination of Fig. 4 points out the importance of the presence of four butoxy groups in BiDiBOPP. In the absence of 
these oxygen atoms the distribution coefficient of uranium (VI) decreases from 26.4 for BiDiBOPP down to 0.5 for 3b. 
However, the addition of oxygen atoms does not lead to an increase of the distribution coefficient of uranium (VI) 
(molecules 3e and 3f). Moreover, the increase of the length of the linear alkyl chains leads to an enhancement of the 
solubility of the extracted complex in Isane IP 185 and then to an increase of the distribution coefficient of uranium (VI). 
Indeed, the replacement of the n-butyl chains of BiDiBOPP 3a by hexyl (3c) and octyl (3d) alkyl chains is responsible of an 
increase of the distribution coefficient of uranium (VI) as DU(VI) rose from 26.4 to 35.3 and 43.7 in 5.3 mol. L-1 phosphoric 
acid, respectively. 
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Fig. 4. Distribution coefficients of uranium (VI) between a mixture of 0.5 mol.L-1 extractant (BiDiBOPP analogues) and 0.125 mol.L-1 TOPO in Isane IP 
185 and an aqueous phase containing initially 0.34 g. L-1 uranium (VI) in 5.3 mol.L-1 H3PO4. Temperature = (25.0±0.2) °C. phase volume ratio = 1. 
4. Conclusion 
This works confirms that the replacement of D2EHPA/TOPO by BiDiBOPP/di-n-HMOPO leads to a significant increase 
of uranium (VI) extraction from concentrated phosphoric acid. The thermodynamic model used in this study to calculate the 
distribution coefficients of uranium (VI) between phosphoric acid and the extraction solvent as a function of the solvent 
composition shows that uranium extraction takes places via the same equilibria in D2EHPA/TOPO and BiDiBOPP/Di-n-
HMOPO.  
In order to correlate the chemical structure of the extractants with their extraction properties, a series of new BiDiBOPP's 
analogs has been synthesized. As a result of this study, it appears that: 
x the replacement of hydrophobic chains in BiDiBOPP by longer alkyl chains is responsible for an increase of the 
distribution coefficient of uranium (VI) as DU(VI) varies from 26.4 up to 43.7 when BiDiBOPP is replaced 3d. 
x the presence of two oxygen atoms in the aliphatic chains of BiDiBOPP increases the extraction properties towards 
uranium (VI) as DU(VI) decreases from 26.4 down to 6.9 and 0.5 when oxygen atoms are added (3e, 3f) or removed 
(3b) from the hydrophobic part of BiDiBOPP 
References 
[1] OECD,  International Atomic Energy Agency (IAEA), 2012. Uranium 2011: Resources, Production and demand. OECD Publishing. 
[2] Hurst, F.J., Crouse, D.J. and Brown, K.B., 1972. Recovery of uranium from wet-process phosphoric acid. Industrial & Engineering Chemistry Process 
Design and Development 11, p. 122.  
[3] Ginisty, C., 1983. “Improved dialkyl phosphoric acid-phosphine oxide synergistic systems for uranium recovery from phosphoric liquors", ISEC '83, 
Solvent Extraction (Proc. Int. Conf. Denver, 1983), American Institute of Chemical Engineers, New York (1983), p. 302. 
264   Denis Beltrami et al. /  Procedia Engineering  83 ( 2014 )  259 – 264 
[4] Lyaudet, G., Du Penhoat, P., Textoris, A., 1989. New developments in extracting uranium contained in phosphoric acid. Urphos bis process. Industrie 
minérale, mines et carrières. Les techniques 71, p. 168.  
[5] (a) Singh, S.K., Dhami, P.S., Dakshinamoorthy, A., Sundersanan, M., 2009. Studies on the recovery of uranium from phosphoric acid medium using 
synergistic mixture of 2-ethyl hexyl hydrogen 2-ethyl hexyl phosphonate and octyl(phenyl)-N,N-diisobutyl carbamoyl methyl phosphine oxide. 
Separation Science and Technology 44, p. 491. (b) Singh, S.K., Dhami, P.S., Tripathi, S.C., Dakshinamoorthy, A., 2009. Studies on the recovery of 
uranium from phosphoric acid medium using synergistic mixture of (2-ethyl hexyl) phosphonic acid, mono (2-ethyl hexyl) ester (PC88A) and tri-n-
butyl phosphate (TBP). Hydrometallurgy 95, p. 170. (c) Singh, S.K., Tripathi, S.C., Singh, D.K., 2010. Studies on the separation and recovery of 
uranium from phosphoric acid medium using a synergistic mixture of (2-ethylhexyl)phosphonic acid mono 2-ethyl hexyl ester (PC-88A) and tri-n-
octylphosphine Oxide (TOPO). Separation Science and Technology  45, p. 824. 
[6] Abdel-Khaled, A.A., Ali, M.M.; Hussein, A.E.M., Adel-Magied, A.F., 2011. Liquid-liquid extraction of uranium from Egyptian phosphoric acid using 
a synergistic D2EHPA-DBBP mixture. Journal of Radioanalytical and Nuclear Chemsistry 288, p. 9.  
[7] Singh, H., Vijayalakshmi. R., Mishra, S.L., Gupta, C.K., 2001. Studies on uranium extraction from phosphoric acid using di-nonyl phenyl phosphoric 
acid-based synergistic mixtures.  Hydrometallurgy 59, p. 69. (b) Singh, H., Mishra, S.L., Vijayalakshmi, R., 2004. Uranium recovery from 
phosphoric acid by solvent extraction using a synergistic mixture of di-nonyl phenyl phosphoric acid and tri-n-butyl phosphate. Hydrometallurgy 73, 
p. 63. 
[8] Beltrami, D., Chagnes, A., Haddad, M., Laureano, H., Mokhtari, H., Courtaud, B., Jugé, S., Cote, G., 2013. Development of new cationic exchangers for 
the recovery of uranium (VI) from wet phosphoric acid. Separation Science and Technology, 48, p. 480. 
 [9] Beltrami, D., Chagnes, A., Haddad, M., Varnek, A., Mokhtari, H., Courtaud, B., Cote, G., 2013. Recovery of uranium (VI) from concentrated 
phosphoric acid by mixtures of new bis(1,3-dialkyloxypropan-2-yl) phosphoric acids and tri-n-octylphosphine oxide. Hydrometallurgy, 140, p.28. 
 [10] Beltrami, D., Cote, G., Mokhtari, H., Courtaud, B., Chagnes, A., 2012. Modelling of the extraction of uranium(VI) from concentrated phosphoric acid 
by synergistic mixtures of bis-(2-ethylhexyl)phosphoric acid and tri-n-octylphosphine oxide. Hydrometallurgy 129-130, p. 118. 
[11] Beltrami, D., Cote, G., Haddad, M., Mokhtari, H., Courtaud, B., Chagnes, A., Modelling of the extraction of uranium(VI) from concentrated phosphoric 
acid by synergistic mixtures of bis(1,3-dibutoxypropan-2-yl) phosphoric and di-n-hexyl metoxyoctyl phosphine oxide. Unpublished results.  
